One of the most plausible explanations for the ability of thermophilic organisms to grow at temperatures that usually are lethal to other organisms is that they possess relatively heat-stable proteins. Substantial support for this hypothesis recently has been furnished by Koffler and his associates,1 2 who showed that cytoplasmic proteins obtained from thermophilic bacteria are strikingly more heatstable than those from mesophiles. Their experiments extend previous reports3-7 that the activity of certain enzymes from thermophiles is more heat-stable than that of similar preparations from mesophilic cells. Unfortunately, the available data, except Campbell's,5 were obtained with impure enzymes and thus do not enable one to distinguish between inherent thermostability and external stabilization. Campbell's experiments, however, were performed with purified enzymes. He showed that crystalline amylase isolated from cultures of Bacillus coagulans grown at 550 C. is markedly more heat-stable than a similar isolate from cultures grown at 350 C. Though one could argue that even crystalline proteins may contain stabilizing contaminants in minute yet effective concentrations, the most reasonable explanation for this finding is that the observed difference in relative thermostability is due to molecular differences and not to external substances. Campbell's observation confirms our own conclusions regarding the relative thermostability of flagella from thermophiles. These experiments were presented in preliminary accounts before2, 8 
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Bacterial flagella are helical organelles made up of fibrous proteins9-15 recently named "flagellins."'1 The characteristic appearance of flagella as observable in the electron microscope can be destroyed by acid,9' 10, 15, 16 heat,2' 8 urea,2, 17 and acetamide.2 Apparently flagella "dissociate" into their component units or multiples thereof; this seems true for the action of acid below pH 349, 14, 15 and is probably true also for the effect of the other agents mentioned. Suspensions of flagella are viscous, but their viscosity decreases markedly as the flagella dissociate. Such a decrease therefore can be used as a measure of stability. The advantage of using flagella as a test system is that highly purified preparations from many different organisms can be made rather easily by the same method involving fractional centrifugation (with or without fractional precipitation with ammonium sulfate). Moreover, because flagella are organized aggregates of protein molecules, they lend themselves to a study of intermolecular as well as intramolecular stability.
MATERIALS AND METHODS
Organisms.-The mesophilic bacteria used in this study were the following: Proteus vulgaris Purdue M, Escherichia coli ATCC 26, Serratia marcescens 8 UK, 464 Bacillus megaterium KM, and B. subtilis 712. The following thermophilic strains of the genus Bacillus were used: B. stearothermophilus NCA 2184, B. sp. Purdue CD, B. sp. Texas 11330, and B. sp. Nebraska 39. We are grateful to various colleagues in other laboratories for making some of these cultures available to us.
Isolation of Flagella.-The above organisms were usually grown in a medium consisting of the following (in gm/liter): gelysate, 10; trypticase, 5; yeast extract, 1; dextrose, 2.5; sodium chloride, 5; dibasic potassium phosphate, 2.5. The medium, in 125-ml. quantities, was placed in 500-ml. Erlenmeyer flasks, sterilized, and, after cooling to the appropriate growth temperature, inoculated with 5 ml. of a broth culture. The cultures were incubated until they had reached the end of the logarithmic growth phase or the early part of the maximum stationary phase (8-12 hours). Mesophiles were grown at 200 C., thermophiles at 600 C. Aeration was increased by agitation on reciprocating shaking machines.
The cells were harvested by centrifugation at 3,900 X g for 30 minutes (100-ml. bottles; 4,600 rpm; International Refrigerated Centrifuge, Model PR-1). Usually 6 liters of culture was handled in one experiment. The cells were resuspended in 400-600 ml. of 0.9 per cent saline solution and washed by centrifugation. After the cells had been washed, they were resuspended in 200-300 ml. of cold saline solution and placed in a 500-ml. ground-glass-stoppered bottle that contained ca. 100 gm. of frozen saline solution. The bottle was placed on a shaking machine ("Miracle Paint Rejuvenator") and shaken at a rate of 620 11/4-inch strokes/min for 20 minutes. This step broke off most of the flagella from the cell bodies. The shaken suspension was then centrifuged twice at 3,900 X g for 45 minutes at 0°-4°C. The centrifugate was discarded each time. The supernatant liquid was then brought to 0.1 saturation with ammonium sulfate and allowed to stand for 8-12 hours. The precipitate was sedimented at 3,900 X g for 45 minutes and then discarded. The supernatant liquid was brought to 0.5 saturation with ammonium sulfate and allowed to stand for 8-12 hours. The precipitate was concentrated by centrifugation at 3,900 X g for 45 minutes and then centrifuged at 25,000 X g for 5 minutes (19,000 rpm; high-speed attachment of the International Refrigerated Centrifuge). The supernatant liquid was discarded. The surface of the pellet and the inside walls of the tube were washed with distilled water. By discarding the 0-0.1 and 0.5-1.0 fractions, one eliminates a large portion of nonflagellar materials.'5 The precipitate was then resuspended in 40 ml. of distilled water and centrifuged twice at 25,000 X g for 30 minutes; the centrifugate was discarded each time. The supernatant liquid was centrifuged twice at 59,000 X g for 35 minutes (30,000 rpm; No. 40 rotor, Spinco Model L Preparative Ultracentrifuge). The purified flagella were stored at 00°40 C. until used. A second method of growing cells and isolating flagella was used for some of the experiments.'8 However, inasmuch as the procedural variations did not seem to influence the results, details regarding these variations are omitted.
Determination of Purity.-To determine dry weights, the samples were placed in tared glass or aluminum-foil dishes; dried at 1100 C. for 4 hours, and weighed on a microchemical balance. 77p/C, where v is the viscosity of the solvent plus flagella, -go is the viscosity of the solvent, and C is the concentration of flagella in mg/ml. The ratio 7/7lo was assumed to be equal to the ratio of the flow time of the flagellar suspension to that of the solvent. The relative viscosity of flagellar suspensions in the concentrations employed was not significantly affected by the velocity gradient, changes in pH from 4.4 to 9.1, and small concentrations of sodium chloride (0-.15 M).
RESULTS
Relative Thermostability of Thermophile Flagella.-The effect of heat on the stability of flagella (usually 0.5 mg/ml) was determined. Decrease in the viscosity of flagellar suspensions at various temperatures was used as a measure of thermal destruction.8 The products of this "disintegration" (dissociation) are nondialyzable and are precipitable by ammonium sulfate, but they cannot be sedimented at the RCF sufficient to remove whole flagella.' Figure 1 shows the effect of heat on the flagella from. E. coli, a mesophile. Figure 2 illustrates the stability of flagellar from B. sp. 11330, a theumophile. From experiments similar to these, the data summarized in Table 1 were obtained. Table 1 shows the decrease in the specific viscosity of flagellar suspensions after exposure to various tempera- Voi,. 43, 1957 tures for 20 minutes. Disintegration of flagella from mesophiles becomes marked at temperatures higher than 500 C., while flagella from thermophiles remain intact at temperatures as high as 700 C. This is in agreement with the experience of McCoy,22 who showed that the H-agglutinogen of Clostridium thermosaccharolyticum, a thermophile, is much more heat-stable than that of C. butyricum, a mesophile. In general, the heat stability of the flagella used in the present study corresponds to the ability of the organisms from which they were isolated to grow at high temperatures. For example, the strain of B. subtilis used, for which the maximum growth temperature (520 C.) is between that of the mesophiles and that of the thermophiles, produces flagella which are intermediate in heat stability.
Inability To Demonstrate Factors That Protect Flagella from Destruction by Heat.-The question whether the relative heat stability of thermophile flagella is an inherent property or is provided by protective materials23 was considered in a number of experiments. In the first, a mixture of equal amounts of flagella from P.
vulgaris and B. sp. CD was exposed to 600 C. for varying lengths of time. The mixture behaved essentially as one would have expected on the basis that the flagella from the mesophile disintegrated while the flagella from the thermophile remained intact. From kinetic data the following values for the specific viscosity of the flagellar suspensions are given as examples: at zero time-0.059 (mesophile), 0.061 (thermophile), 0.120 (mixture calculated), and 0.115 (mixture observed); at 30 minutes-0.010 (mesophile), 0.059 (thermophile), 0.069 (mixture calculated), and 0.061 (mixture observed). A similar situation was observed when a mixture of flagella from B. subtilis and B. sp. CD was exposed to 650 C. If the relative instability of the mesophile flagella were due to external labilizing factors,23 such factors could have been released when the mesophile flagella disintegrated and might have affected the flagella from the thermophile. Similarly, the presence of protective materials23 in the thermophile, if diffusible, might have left its mark on the stability of the mesophile flagella. The possibility exists, of course, that any labilizing or stabilizing factor may be specific for a given preparation of flagella under examination, may be firmly bound or unable to reach the necessary sites, and thus may escape detection by this method. However, the simplest explanation for the previous and the following experiments is that the relative stability of flagella depends upon the molecular architecture of the flagella themselves rather than on extraneous materials.
Cell-free extracts of B. sp. CD were prepared by oscillation of a suspension of this organism in distilled water for 90 minutes in a Raytheon 9-kc. Magnetostriction Oscillator. The debris was centrifuged at 25,000 X g for 1 hour. The clear supernatant liquid, containing 40 per cent of the total dry weight of the cells, was concentrated to dryness under vacuum at 230 C. and stored at 0WA4 C.
until needed. The cell-free extract and flagella from B. subtilis in concentrations of 0.5 mg/ml were mixed, and the stability of the flagella under these conditions was compared to their stability in the absence of thermophile material. The cytoplasmic constituents isolated from the thermophile exerted no appreciable protective effect.
Flagella from B. sp. CD were disintegrated by exposure to 850 C. for 15 minutes, to pH 2 for 30 minutes at 26°C., or to sonic oscillation (Brush Development Company Hypersonic Transducer, Model Bu-101-A, 15 minutes). It was hoped that a protective factor contained in the thermophile flagella would be released but not destroyed by one or more of these treatments. The preparations disintegrated by heat or acid (after neutralization) were mixed in equal amounts (usually 0.5 mg/ml) with flagella from B. subtilis. The sonically disintegrated thermophile flagella were mixed with flagella of P. vulgaris (0.5, 1.0, 1.5, and 2.0 mg/ml of extract with 1.0 mg/ml of flagella; also, 3.0 and 6.0 mg/ml of extract with 3.0 mg/ml of flagella). No significant stabilization of the flagella from B. subtilis and P. vulgaris was observed at 650 and 550 C., respectively. Also, the effect of calcium ions, previously implicated in the stabilization of proteins,24-26 was tested (equal volumes of 0.05, 0.1, 0.5, and 1.0 M solutions of calcium chloride and suspensions of flagella from B. subtilis, 0.5 mg/ml; 650 C.). No stabilizing effect could be demonstrated.2Y
The possibility of adsorbing a hypothetical protective factor was tested by determining whether thermophile flagella treated with various adsorbing agents would become less heat-stable.27 Two milliliters of a suspension of flagella from B. sp. CD (3.0 mg/ml) was incubated for 15 minutes at 260 C. in the presence of Dowex 50 (H form; 20 and 40 mg/ml), Dowex 2 (OH form; 20 and 40 mg/ml), or glass beads (3 mm, 5 beads/ml); the suspensions were shaken gently. The adsorbing agents were removed by centrifugation, and the flagella in the supernatant liquid were examined for heat stability at 600 C. Even after treatment with exchange resins or beads, the flagella remained unaffected by that temperature. -If the relative thermostability of flagella from thermophilic bacteria is due to hydrogen bonding, 23, 30 they should be more resistant than mesophile flagella to compounds regarded as hydrogen-bond breakers, such as urea and acetamide. The effect of urea on the viscosity of a suspension of flagella from B. subtilis is shown in Figure 3 . To disintegrate thermophile flagella to the same extent, one needs to increase the concentration of urea to 9 M; at a level of 6 M, urea does not exert any observable effects on thermophile flagella. This is shown in Table 2 , in which the relative stabilities of four mesophile and four thermophile preparations are compared. Disintegration by urea, like that by heat, is accompanied by the loss of the characteristic flagellar structure; similarly, the products are nondialyzable and cannot be sedimented at the RCF at which whole flagella can be centrifuged. The data indicate that the thermophile flagella are not only more heat-stable than are the mesophile flagella but also more resistant to the action of urea. They are also more resistant to 10 M acetamide, as is shown in bull examined the titrimetric behavior of flagella from P. vulgaris and found that after disintegration of flagella at pH 2.5 the solution of flagellin acted as if additional titratable groups had become available.32 In the intact flagellum such groups may not be titratable, because they are sterically inaccessible or combined in linkages. However, the difference in titration curves may also be due to changes in the pKa values of the ionizable groups after the flagellum has broken apart. In any case, it became of interest to determine whether the relative stability of thermophile flagella might be due to interactions in which these groups are involved. Titration curves were prepared according to the method described by Weibull, 32 and those for the mesophile flagella were similar to that described for P. vulgaris.
The apparent increase in the number of titratable groups after dissociation of the flagella by acid cannot be correlated with the relative thermostability of the flagella. On the other hand, there is a striking difference in the total number of H+ bound at pH 2.5 and 10.5. This is shown in Table 3 .33 These data can be interpreted in at least two ways.
(1) Mesophile flagella possess approximately twice as many acidic and basic groups as do thermophile flagella. This means that the flagellin molecules constituting mesophile flagella potentially have a greater opportunity for electrostatic attraction and repulsion than do those of which thermophile flagella are composed. Greater electrostatic attraction is not likely in the light of our other observations, but it is possible that the net stability of thermophile flagella is the consequence not only of more effective bonding between flagellin molecules but also of lesser repulsion between them.
(2) Thermophile flagella possess the same number of titratable groups as do mesophile flagella, but these groups are more strongly acidic and basic in the former. For example, the carboxylate anions in thermophile flagella may be stabilized in such a way (probably through hydrogen bonds) as to lower the effective pKa of these carboxyl groups (interaction of the ammonium cation might increase the pKa of the amino groups).34 Thus the total number of H+ bound at pH 2.5 may be considerably less than the maximum acid binding capacity. Comparison of the maximum number of titratable groups at pH 1 or pH 1.5 therefore may reveal that both mesophile and thermophile flagella possess the same number.
The differences between the titration curves of mesophile and thermophile flagella need further study before one can distinguish definitely between the above possibilities. In any case, though, it is clear that the amphoteric properties of mesophile and thermophile flagella differ remarkably and that these differences probably constitute useful clues regarding their architecture.
The Relative Stability of Thermophile Flagella to Sodium Dodecylsulfate.-Thermophile flagella apparently are more resistant to the action of sodium dodecylsulfate (SDS) than are mesophile flagella. For example, 3.5 X 10-3 M of SDS in M/60 phosphate buffer (pH 8) caused the partial disintegration of mesophile flagella but had no effect on thermophile flagella (cf. Table 2) ; to bring about the same degree of dissociation of thermophile flagella, the concentration of SDS had to be raised to 8.7 X 10-3 M.
The mechanism by which anionic detergents denature proteins is not completely understood, but it is thought that they first react with basic groups. 23 The greater resistance of thermophile flagella to the action of SDS, therefore, may be merely an expression of the fact that they possess fewer accessible basic groups than do mesophile flagella. On the other hand, in the above experiment the observed dissociation of the flagella did not occur until the molar concentration of SDS was greater than the molar concentration of titratable basic groups (for instance, the flagella from B. subtilis used were 6.25 X 10-4 M with respect to titratable basic groups, and the flagella from B. stearothermophilus were 5.2 X 10-4 M). Inasmuch as the nonpolar moiety of SDS might be expected to have an affinity for the nonpolar residues of the flagella,30 it is possible that the dissociation of the flagella is caused by a disruption of hydrophobic bonds. This may be true especially for the thermophile flagella, the observed dissociation of which was brought about by concentrations of SDS considerably in excess of those that are likely to be bound electrostatically. The greater stability of thermophile flagella to SDS therefore may be a result of more "effective" hydrophobic bonding, but this interpretation needs to be examined further.
DISCUSSION
The remarkable ability of thermophile organisms to grow at high temperatures may be conferred by one or both of the following features: (1) the relative heat stability of their cellular components, a stability that may be either inherent or provided by protective materials, and (2) Koffler and Gale showed that the striking relative heat stability of cytoplasmic proteins from thermophiles was not significantly diminished when "small particles" and nucleic acids were removed.' However, one could contend that a small amount of these materials remained, sufficient for protection. Perhaps more convincing were their experiments, in which cytoplasmic proteins from mesophiles and thermophiles were mixed and the heat stability of the mixture could be accounted for by the stabilities of the individual preparations. Campbell5 showed that an amylase isolated from a facultatively thermophilic bacterium grown at lization; a similar preparation obtained from cultures grown at 350 C. was not heat-stable. This work constitutes a valuable contribution on two accounts. First, the use of crystalline enzymes increases the likelihood that intrinsic stability rather than extrinsic stabilization was observed. Second, the use of the same organism for the production of relatively heat-stable and relatively heat-labile amylase decreases the possibility that the correlation between the stability of the enzyme and the growth temperature of the organism is fortuitous. His observations confirmed our earlier preliminary acvount,8 more fully developed in this paper, regarding the heat stability of purified flagella.
We have shown that flagella from thermophiles are much more stable than flagella from mesophiles. Though it is impossible to state categorically that the observed relative stabilities are not brought about by protective or labilizing materials, the evidence strongly supports such a view. A persistent search for the existence of such substances has yielded no positive information.
The following facts speak against the importance of -S-S-linkages in holding flagellin molecules together in the flagellum. (1) Flagella contain only small amounts of cysteine-cystine, regardless of whether they have been produced by mesophiles or by thermophiles; each molecule of flagellin contains probably only one molecule of cysteine or cystine.14 (2) Flagella dissociate under relatively mild conditions, for example, below pH 3-4.9, 10, 14, 15, 16 (3) Thioglycolate in a concentration known to denature other proteins does not affect the stability of flagella; however, in the native flagellum, the -S-S-bridges may not be accessible.
Since thermophile flagella are more resistant than mesophile flagella to urea and acetamide, agents thought to break hydrogen bonds,'3 30 it seems that more "effective" hydrogen bonding is involved in the structural stability of thermophile flagella. "Effectiveness" may depend on the number, strength, or location of the bonds (or on a combination of all three factors).
The observation that thermophile flagella might contain only half the number of titratable groups found in mesophile flagella suggests another explanation for the relative stability of the former. Flagellin molecules in the flagellum may face sites carrying charges of like sign. Because of the resulting electrostatic repulsion, such molecules would have a tendency to dissociate. The main difference between mesophile and thermophile flagella therefore may reside not in differences in bonding but in a greater or lesser tendency of the constituent flagellin molecules to repel each other.
Thermophile flagella are also more resistant than are mesophile flagella to sodium dodecylsulfate, an anionic detergent. This may be because thermophile flagella possess fewer basic groups to which the SDS can be anchored than do mesophile flagella. However, the amount of SDS necessary to cause the observed disintegration of flagella is in excess of that theoretically needed to neutralize the available basic groups, and the dissociation of flagellin molecules actually may come about through the breakage of hydrophobic bonds by the detergent. Hydrophobic bonding is thought to be due to the tendency of relatively nonpolar amino acid residues to avoid the aqueous phase and to adhere to each other.30 Such bpnding may play an important role in holding the flagellin molecules together in the flagellum. The nonpolar portion of SDS is more likely to stick to the nonpolar residues of the protein than to enter the aqueous phase. This may result in the rupture of existing hydrophobic bonds. The relatively greater resistance of thermophile flagella to SDS therefore may be due to stronger, more numerous, or more strategically located hydrophobic bonds than occur in mesophile flagella.
In addition to the explanations mentioned, one has to consider the possibility that the stability of thermophile flagella is provided by novel types of bonding. No information regarding this has been discovered so far.
SUMMARY
Flagella from thermophilic bacteria are much more stable than similar structures from mesophilic bacteria. Since flagella are organized aggregates of fibrous proteins, this relative stability probably is a reflection of the forces holding these molecules together. The relative stability of flagella appears to be an intrinsic property of these structures, since no stabilizing or labilizing materials could be demonstrated. Thermophile flagella are also more stable than mesophile flagella in the presence of urea and acetamide, agents regarded as hydrogen-bond breakers, and of sodium dodecylsulfate, an anionic detergent. These findings are interpreted to mean that the relative stability of thermophile flagella is due to more numerous, stronger, or more strategically located hydrogen and/or hydrophobic bonds than are present in mesophile flagella. The latter seem to contain twice as many titratable groups as do the former. This suggests that under certain circumstances they might be under greater stress, created by the repulsion between charged groups having like signs.
